Different installation angles of raised pavement markers (RPMs) correspond to different incident angles of light, which affects the retroreflective performance of the RPMs. This paper explores how adjustments to the installation angle of the RPMs on a horizontal curve section affect a driver's line of sight induction. The conditions under which RPMs achieve the optimal effect of retroreflection are confirmed, and a driver's visual range at night is analyzed. The incident angle of light and the installation angle of RPMs are calculated when the optimal effect of retroreflection is achieved and the RPMs are installed along the radial direction (normal conditions). The differences in incident angles are compared. The results show that the differences in the incident angle under the two installment modes decrease as the radius increases, with a maximum value of 5.9 degrees. The improvement of the retroreflection with variations in the incident angle is analyzed using the STT-201A RPM measuring instrument. When the incident angle is decreased by 5.9 degrees and the observed angle is less than 2 degrees, the average increase in the coefficient of the retroreflection is only 12.6%, indicating that the improvement of the retroreflection is not obvious. Therefore, a driver's perception of road alignment cannot be significantly improved by adjusting the installation angle of RPMs. Considering the complexity of the construction of a project, the installation angle should not be changed under normal conditions; namely, the RPMs should still be installed along the radial direction.
Introduction
Raised pavement markers (RPMs) are spikes fixed on road pavement that are used to divide lanes, mark lane edges, and effectively ease drivers' visual fatigue from the vibration warning produced by a vehicle when it rolls over them [1] . These devices help to reduce the probability of traffic accidents. Moreover, the reflective characteristic of RPMs can improve the road visibility at night and provide linear induction for drivers [2] . Due to their low in cost and easy installation, RPMs are widely used in road safety facilities. RPMs are shown in Figure 1 .
Previous studies have mainly focused on where to set RPMs from the perspective of safety factors. Setting RPMs along a horizontal curve can improve drivers' curvature perception and greatly reduce the number of vehicles that veer out of their travel lane [3] . Velocity and deviation data of vehicles driving along curves have been analyzed, with the results indicating that the driving track of the driver differs from the line shape of the horizontal curves. The rate of change in the vehicle speed can be significantly reduced by installing RPMs, which is beneficial from a traffic safety perspective [4] . The induction effect of RPMs is the greatest at night, with collisions between vehicles being effectively reduced [5] . Moreover, there is a potential relationship between RPMs and pavement markings. Research results have shown that installing RPMs can effectively reduce the reflective requirements of pavement markings, which prolongs the service life of the markings [6] .
Due to the increasing number of traffic incidents, studies have begun considering the layout of RPMs. In the United States, the recommended interval value for RPMs is as follows. The normal spacing is N (12.3 m). However, on an expressway, the spacing should be 2N-3N. When there is a single displaced solid line, the spacing should be less than N/4, and for a virtual solid line the spacing should be less than N/8 [7] . New Zealand regulated the interval value for RPMs according to different line types as follows. When RPMs are used on centerlines, lane lines, and no-overtaking lines, the setting interval is 10 m. When RPMs are used on edge lines, the setting interval is 20 m [8] . Australia regulation call for an RPM setting interval of 24 m on roads with no illumination and 12 m in other cases [9] . In China, the recommended range of the location and spacing of RPMs for different situations is provided in the relevant specifications. When RPMs are used with pavement markings, the active luminescent type or directional reflective type should be employed. The setting interval of RPMs is 6 to 15 m and can be adjusted according to the actual situation [10] .
Based on the above standards, several scholars have further studied the setting interval of RPMs. The impact of different setting intervals on traffic safety was determined by evaluating different RPM settings [11] . The initial setting interval of RPMs was determined and amended after the visual warning function was analyzed [12] . The setting interval of the RPMs and their matching form with pavement markings were considered to understand the role of RPMs in traffic safety [13] . However, previous papers have mainly focused on the safety and setting interval of RPMs. Few studies have focused on the installation angles of RPMs along horizontal curves, and there are few studies on RPMs in general. RPMs are usually installed along the edges of lines, lane lines, or centerlines, with most installed in the radial direction. As shown in Figure 2 , RPMs can provide linear induction for drivers under poor lighting conditions at night. However, it is unclear whether different installation angles would affect a driver's perception of the road alignment due to the retroreflective characteristics of RPMs.
In this paper, the conditions under which RPMs achieve the optimal retroreflection effect were determined. Then, the installation angle of the RPMs and the incident angle of light were calculated. The relative improvement effect of the retroreflection compared with normal conditions was studied, and the relationship between the installation angle of the RPMs and the line of sight induction at night was determined. , the illumination axis is the ray emitted from the center of the reflex body that passes through the point of the light source, and the retroreflection axis is a specific ray emitted from the center of the retroreflector. The incident angle refers to the angle between the illumination axis and retroreflection axis, which is the angle between the vehicle light and the central axis of the reflector surface of the RPM. The observed angle refers to the angle between the illumination axis and observation axis, which is the angle between the vehicle light and the light reflected into the eyes of the driver. The RPM is smaller than the vehicle and the road. Therefore, the observed angle formed by the vehicle light and reflected light can be considered approximately unchanged with variations in the RPM installation angle.
Methodology

Study of the Optimal Retroreflection Effect
Conditions for Achieving the Optimal Retroreflection
Effect. As shown in Figure 3 , AB is the height of the vehicle light, AO is the incident light ray, DF is the line at the bottom edge of the reflector, and is the location of the center of the RPM. The observed angle is approximately unchanged from the above definition. Thus, when the incident light AO is invariant, the RPM rotates around its central axis, and the central axis OE of the RPM also rotates along with it. This forms a geometry that is shaped such as a circular truncated cone, where is the center of the upper surface. When OE and AO are in the same vertical plane, the reflector area is the largest in the driver's view, which indicates that the retroreflective effect of the RPM is optimal. At this point, the incident angle is the smallest, and it can be proven by simple geometric principles that the line DF located at the bottom edge of the RPM reflector is perpendicular to the plane where ABOC is located. Therefore, DF is perpendicular to AO. In other words, the RPM achieves the optimal retroreflection effect when the incident light is perpendicular to the bottom edge of the RPM reflector.
Calculation of the Light Incident Angles and RPM Installation Angles Based on Visual Characteristics.
Since there are a number of RPMs that can be seen in the driver's visual field of view during actual driving, the object of study must be determined before calculating the angles. Lin [15] simulated a night driving environment using the 3D-MAX software such that participants could perceive the line of sight induction effect achieved with different numbers of RPMs. The experimental results demonstrated that a better curvature perception was achieved when there are six RPMs in the driver's visual field. Therefore, this paper selects the six RPMs nearest the vehicle as the objects of study to calculate their installation angles and incident angles of light. The RPMs are denoted as Nos. 1-6.
Different RPMs have different physical dimensions, which will affect the calculation results. Raised Pavement Marker (GB T/24725-2009) stipulates that the angles between the reflector surface of RPMs and the ground should not exceed 65 degrees. In addition, to ensure visibility at night or in low-light conditions, traffic signs must comply with the minimum return rate standard specified in the Manual for Uniform Traffic Control Equipment (MUTCD) [16] . Therefore, the RPMs produced by 3M were selected as the object of study. The angle between the reflector surface and the ground was 37 degrees, and the area of the reflector surface was 17.25 cm 2 .
This study involves two key angles: the installation angle of the RPM and the incident angle of light. The installation angle is defined as the angle between the bottom edge of the RPM and the tangent line of the road, which is shown in Figure 5 (∠ ). The incident angle is defined as the angle between the vehicle light and the central axis of the reflector surface of the RPM, which is shown in Figure 3 (∠ ). Different installation angles will change the direction of the retroreflection axis on the reflective surface of the RPM, which will produce different incident angles, affect the retroreflective performance of the RPM, and affect the induction effect. To study whether the retroreflective performance of RPMs is improved with variations in the installation angle, the incident angle of light in two cases must be investigated, namely, for RPMs installed along the radial direction and for RPMs achieving the optimal retroreflection effect. Moreover, the RPM installation angle at which the optimal retroreflection effect is achieved was calculated.
Calculation of the Installation Angles and Incident
Angles under the Optimal Retroreflection Effect. As shown in Figure 5 , OF is the projection of incident light on the ground (it is approximately seen as the incident light), and it is perpendicular to the line GH at the bottom of the reflector surface of the RPM, namely, OF⊥GH. Because the radius FM is perpendicular to the tangent line of the road, ∠ + ∠ = ∠ + ∠ = 90 ∘ . The installation angle (∠ ) is calculated as follows:
As shown in Figure 3 , AO is the incident light, and OE is the retroreflection axis. AB is the height of the vehicle light, the calculated value of which is 0.6m. BO is the projection of the incident light on the ground, and its algorithm is the same as that of OF in formula (2) . The quadrilateral ABOC is rectangular at the optimal retroreflection effect, and ∠ is equal to the angle between the reflector surface and the bottom edge of the RPM; namely, ∠ = 37 ∘ and ∠ = 90 ∘ − ∠ = 53 ∘ . The incident angle (∠ ) is calculated as follows:
Angles under Normal Conditions. Under normal conditions, the RPM is installed along the radial direction; then, the installation angle can be directly calculated as 90 degrees. The incident angle (∠ ) is simplified as shown in Figure 4 . The auxiliary line BF is perpendicular to the road tangent line GH; the auxiliary line FE is perpendicular to the retroreflection axis OE; the auxiliary line EC is perpendicular to the road tangent line GH; the auxiliary line AD is parallel to BC. AB is the height of the vehicle light, AO is the incident angle, and OE is the retroreflection axis. BO is the projection of the incident light on the ground, and its algorithm is the same as that in formula (2) .
The incident angle (∠ ) is calculated as follows:
The procedure for determining AO, EO, and AE in formula (4) is as follows:
(1) Solve for the length of AO:
(2) Solve for the length of EO:
In the above formula, ∠ = 90 ∘ − ∠ = 53 ∘ and ∠ = 90 ∘ − ∠ 1 . ∠ 1 is equal to the ∠ in Figure 5 , and its value is the same as that of the optimal installation angle (∠ ) calculated above.
(3) Solve for length of AE (in the t △ ):
According to the above formulas, different setting intervals of RPMs will affect the calculation parameters. By determining the visible arc length of drivers at night, the setting intervals of RPMs for different radii can be calculated.
Determination of the Setting Interval of RPMs
Analysis of the Visibility Range of Drivers at
Night. Driving behavior is complex under actual conditions. Considering the feasibility and simplicity of the calculation, the following assumptions are made for the model of a driver's nighttime visual field of view.
(1) The vehicle always changes at a constant angle through the horizontal curve section, and the vehicle always drives on the centerline of the lane. (2) The divergent angle of the headlamp corresponds with the angle of the driver's range of visibility at night, which is always 10 degrees on a horizontal curve [17] .
Mathematical Problems in
The driver's range of visibility at night is shown in Figure 5 , where OA and OB are the left and right boundaries of the visual area, respectively. In the course of the calculation, the width of the lane ( ) is 3.75 m, the width of the vehicle (i) is 1.98 m, and the distance between the driver's eye and the left edge of the vehicle (d) is 0.66 m. Then, the distance between the driver's eye and the left edge of the lane line (OE) is ( − )/2 + . The formula to calculate the arc length AB of the visible area is as follows:
According to the assumption regarding the driver's nighttime visual field of view, ∠ = 95 ∘ and ∠ = 85 ∘ . Then, ∠ and ∠ can be calculated using the law of cosines.
Determination of the RPM Setting
Interval. According to formula (12) , the arc length AB is related to the radius. Analyzing all radii is neither realistic nor necessary. Therefore, the minimum radius of a circular curve in the Design specification for highway alignment (JTG D20-2017) was selected to calculate AB. Then, the setting interval of the six RPMs was determined. To ensure the accuracy of calculation, the intervals take 4 decimal places. The results are shown in Table 1 .
Results
Calculated Installation Angles and Incident Angles.
At different radii, this paper calculates the incident angle of light and the installation angle of RPMs when the optimal retroreflection effect is achieved and the RPMs are installed along the radial direction (normal conditions). The results are shown in Table 2 . Table 2 shows that when the radius is less than 400 m, the optimal installation angle of each RPM increases along with increases in the radius. When the radius is larger than 400 m, the optimal installation angle of each RPM remains nearly unchanged even though the radius is still changing. Therefore, for those roads with a curve radius larger than 400 m, the RPM installation angle is not related to the radius at which the optimal retroreflection effect is achieved. Namely, the same installation angle can be used on different curve radii. When the radius is less than 400 m, the incident angles under two installation modes increase with increases in the radius. When the radius is larger than 400 m, the incident angle under two installation modes tends to be stable and no longer increases with the radius.
Changes in the Difference between the Incident Angles.
The difference between the incident angles of the RPMs installed along the radial direction and the RPMs rotated to achieve the optimal retroreflection effect is shown in Figure 6 .
The difference between the incident angles of the RPMs installed along the radial direction and the RPMs rotated to achieve the optimal retroreflection effect decreases with increases in the radius. When the radius is larger than 400 m, the difference between the incident angles of the two cases remains nearly unchanged with changes in the radius, and the average differences of Nos. 1-6 are 0.51 degrees, 0.17 degrees, 0.12 degrees, 0.11 degrees, 0.12 degrees, and 0.13 degrees, respectively. In other words, the incident angle when the RPM is installed along the radial direction nearly approaching the incident angle at which the optimal retroreflection effect is achieved. When the radius is less than 400 m, the difference between the incident angles of the two cases is large. In particular, when the radius is 30 m, the difference in the incident angle of the No. 1 RPM is the maximum, with a value of 5.9 degrees. 
Discussion
Analysis on the Necessity of Changing the Installation
Angle. To further understand the improvement in retroreflection caused by the change in the incident angle, we measured the coefficient of luminous intensity of RPMs using an STT-201A type measuring instrument indoors (Tianjin, China). The incident angle range was 0 degrees ± 20 degrees (taking ± 5 degrees as a scale unit). The observed angle used to determine the basic value of the coefficient of the luminous intensity in Raised pavement markers (GB/T 24725-2009) was chosen as the observed angle for this experiment. In this experiment, we recorded the coefficient of luminous intensity every 5 degrees, with a reduction from 20 degrees to 0 degrees, and the corresponding coefficient of retroreflection was calculated according to formula (14) . A larger retroreflection coefficient indicated a better effect.
where R A is the coefficient of retroreflection, R I is the coefficient of luminous intensity, and A is the area of the reflector surface of the sample, which is 17.25 cm 2 . The coefficients of luminous intensity and the coefficients of retroreflection of the RPMs under laboratory conditions are shown in Table 3 . Table 3 shows that when the observed angles are the same, the coefficients of retroreflection R A increase when the incident angle decreases by 5 degrees, and the effect of retroreflection is improved to some extent. When the observed angle is less than 2 degrees, the average improvement in R A is only 10.48%, and the retroreflection improvement effect is not obvious. When the observed angle is 2 degrees, the maximum value of the improvement in R A is only 4 mcd/lx/m 2 , and the retroreflection improvement effect is weak.
Therefore, this paper analyzes the retroreflection improvement effect corresponding to the maximum difference (5.9 degrees) of the incident angle when the observed angle is less than 2 degrees. From the data in Table 3 , we can calculate the average increase in R A when the incident angle decreases by 10 degrees (decreasing from 20 degrees). Moreover, because there is a linear relationship between R A and a given observed angle, interpolation is used to calculate the retroreflection improvement effect when the incident angle decreases by 5.9 degrees. The result shows that the average increase in R A is only 12.6%, and the retroreflection improvement effect is minor.
The experiment was carried out under good conditions. Drivers would be disturbed by other factors when driving at night, and the actual improvement effects of retroreflection would be lower than those observed in this experiment. Therefore, even if the RPMs are rotated to achieve the optimal retroreflection effect, the effect of the sight induction is not significantly improved. Moreover, rotating the RPMs by a small angle to achieve the optimal retroreflection effect increases the complexity of engineering construction. Therefore, the installation angle of the RPMs should not be changed under normal situations, namely, the RPMs should still be installed along the radial direction.
Retroreflection Effect of RPMs at Clothoids.
Based on the circular curve, the model of a driver's nighttime visual field of view was built, and the setting interval of RPM was calculated. However, the clothoid is an integral part of the horizontal curve. When the road alignment is complicated (e.g., a circular curve with different radii), a clothoid is essential. Therefore, the above conclusions cannot be applied to clothoid and thus need to be further discussed.
By selecting the minimum length of the clothoids specified in the Design specification for highway alignment (JTG D20-2017) and combining the above conclusion that a better curvature perception was achieved when there are six RPMs in the driver's visual field, the setting interval of RPMs at clothoids is calculated. The results are shown in Table 4 .
According to formula (3) and formula (4), the incident angles under two installation modes were calculated. The result shows that the difference of incident angle increases with the increase in the radius. However, the maximum value is only 2.5 degrees, and the average improvement in retroreflection is only 5.24%. Compared with the circular curve, the retroreflection effect is weaker. Therefore, it is not recommended that the installation angle of RPMs be changed at clothoids; namely, the RPMs should still be installed along the radial direction.
Conclusions
In this paper, the relationship between the installation angle of RPMs and the effect of the sight induction, specifically, the formulas of the installation angle of RPMs and the light of incident angle, were derived. By building the model of a driver's nighttime visual field of view, the setting interval of RPMs at horizontal curves was determined. The results of angle value show that the maximum difference of incident angles at circular curves and clothoids is 5.9 degrees and 2.5 degrees, respectively, and that the average improvement of retroreflection is 12.60% and 5.24%, respectively. The driver's perception of the road alignment cannot be significantly improved. Consequently, the RPMs at horizontal curves should maintain the existing installation angle.
The RPMs are sometimes set with the line markings, and the setting interval is adjusted according to the actual situation. This condition will have an impact on the result, so it should be taken into account in future studies. Moreover, considering the complexity and safety of construction, the test of coefficient of retroreflection is not measured outdoors. When conditions permit, tests can be carried out on the actual road.
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